A cost effective, low maintenance generator brake is proposed using recent developments in thick film, metal oxide resistors. The brake has very low resistance, and virtually no inductance, allowing its use &ring a fault to slow a generator's acceleration.
Introduction
The continuing deregulation of the utility industry over the last decade has radicdly changed the problem of power system stability. It is now clear that regulation will preclude using the traditional meand of maintaining stability, namely adding more generation and transmission capacity. The current thinking on maintaining the overall security of the system centers on the use of various power electronic devices, generally categorized by the acronym 'FACTS,' for flexible a/c transmission system. There is no doubt that power electronics will play a major role in maintaining the integrity of the grid. Current thinking is focused on using a limited number of FACTS devices at strategic locations. At this time, the methodology for strategically placing these devices is not fully developed.
In this paper we propose an alternative means of stabilizing a power system that takes advantage of both power electronics and a relatively new thick film, metal oxide resistor. The result is an electric brake that is both cost effective to build and virtually maintenance free. This means that a large number of brakes can be installed throughout the system. This automatically improves the system performance to disturbances anywhere in the system. The result is a significant increase in the global stability of a power system, at a very reasonable price. The proposed brake has several important features. First, because it has low resistance and no inductance, it can be used to slow the system acceleration 'during' a fault. Second, the power absorbed by the brake can be varied, via the power electronics, based on a signal from a feedback control strategy. Third, the brake is relatively small, taking up the space of a cube approximately five meters on a side.
The organization of this paper is as follows. We first review past work on the use of electric brakes for stabilizing power systems. In section three we provide the design of the thyristor control for the proposed brake, differentiating the proposed brake from what has been done previously. In section four we discuss the technology of the proposed resistor. In section five we provide simulation results for applying the brake during a fault. In section six, we examine using the brake in the post fault period with the brake power controlled by the local generator speed. In section seven we provide simulation results with a single brake in each tigthly interconnected region of a power system. Section eight provides some conclusions on the use of the electric brake.
Braking Resistors -A Review
The dynamic braking resistor has been proposed as one viable approach to stablilizing power systems following contingencies that cause the system to accelerate. Examples of such contingencies are faults and the loss of bulk transmission lilies. Indeed, most contingencies that force the system into a transient state tend to accelerate the majority of the generators in the power system. In these cases the role of the braking resistor is clear: it can be viewed as a fast load injection to absorb the excess transient energy, most of which occurs in the immediate area of the contingency. The conventional braking resistor in use is a large shunt load, placed at a point in the power system where it can best slow the system in the event of a specific disturbance. Such a brake is typically capable of absorbing large amounts of energy.
Dynamic braking resistors are currently in use in the U S A . The Peace River system [I], the Four Corner Plant of the Arizona Public Service Company [2] and the Bonneville Power Administration [3] have reported their experiences using braking resistors. Normally, switching of the resistors in these installations is done on the basis of open loop, predetermined strategies.
In references (4, 51, the authors studied the optimal switchillg time based on the system states, but the result is a bang-bang control. References ing resistor. In all the cases cited above the braking action is initiated after the fault has been cleared. This paper proposes a new approach in which the braking resistor will be applied while the fault is present. This approach dramatically reduces the effect of the fault.
The energy absorbing capacity of the braking resistor proposed in this work is much smaller than that of existing brakes. The stability improvement comes from the distribution of the brakes throughout the system. We will use the terminology 'generator brake,' or simply 'brake,' rather than 'dynamic braking resistor,' to emphasizes that the control action is at each generator of the system.
Thyristor Control
The generator brake consists of two major elements: the power electronic brake regulator and the actual power resistors that dissipate energy. This section discusses the design of the solid state regulator to control the brake resistor. Figure 1 shows an overall block diagram of the generator and brake system. The resistor is fed through a phase-controlled ac/ac converter, as shown in figure 1. The commanded value of power to be dissipated is fed to the drive signal generator, which calculates the power switch control signals based on the commanded value. We emphasize that the proposed brake is a short term energy sink, as opposed to a long term power sink. The concept is to let the brake absorb energy very rapidly over a very short period of time, and then shut it off and let it cool down over a long period of time. There is a strict upper bound on the total amount of energy the brake can absorb without damage.
To gain some insight into why this type of braking action might be effective, consider the following analogy. A driver on the freeway suddenly sees an accident unfolding in front of him. If he slams on the brakes he will lose control. If he does not brake at all, he will lose control when he tries to manuever to avoid the accident. If however, he hits the brakes for just an instant he may be able to slow to a speed where he can manuever. The electric generator brake has the same effect. The total amount of energy taken up by the brake is not large, but it is enough to slow the generator so that the normal turbine/governor and excitation controls can take effect. The analogy is imperfect since in the case of a power system the goal is not to slow the speed of the system, but rather its acceleration The obvious question at this juncture is: how big should the brake be? This is a hard question to answer with great precision. However, the preliminary studies discussed in this paper indicate that the total enery absorbing capacity of the brake in megajoules should be roughly ten per cent of the generator's rated output in megawatts. In the studies presented, we use slightly less than ten per cent, namely 80 MJoules of energy for an 'equivalent' 1000 MW generator. The remainder of the discussion in this section is based on this rating level. We hasten to add, however, that the sizing of the brakes is a point of great interest. From a control point of view the bigger the brake the better. From an engineering point of view increasing the size of the brake increases both its cost and its size.
The convent,ional method for controlling the flow of ac power at high power levels involves the use of a three phase, full wave, phase-controlled ac/ac converter, as shown in figure 2. Previous approaches to controlled dynamic braking have involved the use of a full or half wave bridge topology [lo, 11, 121 . The converters suffer from problems associated with switching transients, stray inductance and commutation overlap.
The phase controlled ac/ac converter topology proposed here gives sufficient power control range, provided that the brake load inductance is very low. As noted earlier, the thick film metal oxide resistors proposed in the next section have virtually no inductance, making them ideal for this application.
With the proposed circuit configuration, the thyristors of the controller are connected in Y , forming the so-called tie control. This allows the assembly of the thyristor into a single unit, which is the most economical circuit topology.
Each of the six t,hyristor switches in figure 2 are operated with a delay angle of cy. The rms value of the line-neutral voltage will be denoted by V,, and the system frequency by w. It can be assumed for the sake of this discussion that the generator produces balanced three phase voltages. For a delay angle of 0 5 a < 60", immediately before T1 is fired on, two thyristors are conducting. When T1 goes on, three thyristors in total are on. Therefore, in this range of delay angle the controller alternates between two and three thyristors conducting. The average power dissipated in the load resistance over a single period is
With a.delay angle of 60" 5 a < go", only two thyristors conduct at any one point in time. The output power is now given by, )], Kz 1 7r 3sin2a J3cos2a +-
Finally, for a delay angle in the range of 90" 5 a < 150", the power delivered to the load is,
The value of a used by the controller is found from equations (1-3) for a given value of commanded power. The actual delay angle generator will be implemented with a look-up table.
The full wave ac/ac converter can also be implemented in a A connection, since access is available to all three phase resistances. This topology reduces the current conducting requirements for each of the thyrister switches, and also is one way to avoid connecting multiple thyristors in parallel to obtain the necessary current rating. When thyristors are connect in parallel, additional current sharing circuitry is required making the parallel-connection of thyristors an undesirable configuration in terms of cost. Thyristors are currently available with a dc current rating of 5 kA, and a peak current rating several times higher than this.
These devices, constructed from > 100 mm wafers, will accommodate the current requirements of this application. Thyristors are available which can block approximately 7 kV peak voltage. Therefore, three to five devices in series are needed to obtain sufficient voltage blocking capability. Resistors are also required in parallel with each thyristor to ensure equal voltage sharing.
Finally, snubbers are required to limit the power dissipated during the switching transition for each switch. The complete implementation of each of the thyristor switches is depicted in figure 2.
4
The Brake Resistor
The design and implementation of the brake resistor is the lynch pin of the the proposed system. To be viable for transient control the brake resistor must be economical to fabricate and have low maintenance cost.
Several alternative materials have been investigated to arrive at the preferred solution. The possible categories for brake material are bulk metallic, bulk nonmetallic and thick film technologies. Examples of the bulk metallic type are wirewound, stainless steel grid and expanded metal resistors. The bulk nonmetallic category includes carbon composition and electrolytic solutions such as copper sulfate in water. An example of a thick film resistor is metal oxides entrained in a glass matrix.
Of the three basic types of resistors, the thick film resistors are felt to be the most appropriate for the proposed brake. The rationale is that heat transfer is not an issue. In other words the brake itself will absorb the energy, with a consequent sudden rise in temperature, and then slowly dissipate the heat to the air, after the brake is shut off. This assumes a long period of cooling down, perhaps hours, but this is not a liability since we expect the brake to operate only at widely separated points in time. Thus, the fact that thick film resistors have very poor thermal transport is not a limitation in this application. For this reason the high cost of bulk metallic resistors (which have good thermal conduction characteristics) is not warranted. The bulk nonmetallic family of resistors are low c a t , but they suffer from chemical instabilities and have a limited useable lifetime and reliability. This translates into high maintenance costs, which is undesireable in a device that will sit idle almost all the time. Thick film resistors can easily be made that absorb 1500 Joules per cubic inch in an adiabatic manner. They are low cost, have low inductance and are virtually maintenance free. These latter attributes, combined with their high energy absorption properties, make them ideal for this application.
In the following sections, we provide simulation results for several different control strategies that use the proposed generator brake. We do not hesitate to say that these results are preliminary. Finding the optimal brake size and the best control strategy is clearly a difficult question which we are currently addressing. Our goal in this paper is simply to demonstrate the viability of the proposed brake.
Braking During Faults
We discuss here the use of the generator brake in the so called 'fault-on' period. The swing equation of the generator is M J + 08 = P, -pg,
where 6 is the angle of the machine relative to the synchronous angle of the system, and M, D, PB, and P, are the inertia constant, damping coefficient, electrical output power, and mechanical power, respectively, of the machine.
During steady state operation, the mechanical power P,,, delivered to the generator by the prime mover exactly balances the electrical power delivered by the generator to the power system and the internal losses within the generator. Thus, at steady state, P, = Pg and all the generators in the system operate at synchronous speed. During a fault, virtually all the current flows through the transmission network to the fault since the transmission network is of low impedance compared to the system loads. The transmission network is also primarily inductive, so that the generator current is roughly 90" out of phase with the generator voltage. Thus, the real power delivered by the generator becomes small, while the prime mover keeps on providing essentially the same mechanical power as before the fault. The net torque on the generator shaft then causes the generator to accelerate with the excess mechanical power taken up as kinetic energy in the machine. The situation is roughly the same, but generally not as dramatic when a bulk transmission line is lost. Here the acceleration is more local, affecting machines in regions that have a net power export.
Even in the worst fault the increase in generator speed is roughly two per cent. This is enough, however, to separate the angles of the various generators to the point where they lose synchronism if corrective action is not taken quickly.
When a fault occurs, the tendency of a generator to lose synchronism is mainly caused by the accelerating power Pa = P , -Pg during the fault-on period. The most effective con-
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Figure 3: System Response With No Brake trol is clearly to reduce Pa as quickly as possible. Since P, remains virtually unchanged, the solution is to boost P,. By placing the very low resistance brake in parallel with the inductive impedance created by the network, we accomplish just that. It is clear that the brake must be a resistance. The metal oxide thin film resistors have the desired properties. We caq make the resistance as small as we like, and there will be virtually no inductance. The fault-on brake control is based on the above idea. We install a generator brake at each generator terminal bus. Defining 6 = w and rewriting equation (4) to include the generator brake, we have MW + DW + PB = P, -P,
The generator brake is activated on the basis of the generator terminal voltage. If the terminal voltage change exceeds a certain value, the brake is activated and aborbs power up to its limit. The dead zone of the brake has two effects. First, it keeps the brake from activating during normal steady state operation where small fluctuations in voltage occur constantly. Second, even for major disturbances, generators electrically distant from the disturbance may not be appreciably affected, in which case we do not wish to turn on the brake. Once on, the brake will turn off in one of two ways: when it reaches its maximum energy absorption, or when the fault is cleared and the voltage at the terminals of the machine recovers to near nominal value.
We note here that the proposed control strategy is local No telemetering of information is required to activate the brakes. Further, the brake at a particular machine is only activated if it is needed to control the acceleration of that machine. Thus the proposed control can be thought of as a simple augmentation of the existing turbine/governor and excitation control currently in place on all machines. Also, since the brake will operate only for a short period, the dead band approach to activating it is the most practical. Once on, a brake near the disturbance will be most efffective if it takes up the energy that it can very rapidly, and so there is little point in trying to regulate this energy consumption with sophisticated feedback control. However, for a brake more distant from a disturbance, the proposed design would permit the modulation of the braking action.
The fault-on generator brake control algorithm was tested using the loading of the 39 Bus New England System given in [8] . The topology of the system and the load data are readily A single axis machine model is used for all generators, and every generator has typical turbine/governor and excitation control with the exception of machine 10 which is used as the reference. This machine has an inertia constant ten times greater than that of any other machine in the system and thus is a good candidate for the reference. The mechanical power of all machines is in per unit on a 100 MVA base. The test case is a fault at bus 26, cleared by dropping the line from bus 26 to bus 25. Simulations conducted without the fault-on brake set the critical clearing time at 5 cycles (0.083 sec). Figure 3 shows the angle trajectories of all the machines with the fault cleared at 5.25 cycles (0.088 sec). Generator 9 has clearly lost synchronism.
The fault-on brake is applied at each generator when the fault occurs. Each brake shuts down when it reaches its energy absorbing limit. The critical clearing time is dramatically increased to 10.75 cycles (0.18 sec). FiguTe 4 (a) shows the angle trajectories. Figure 4 (b) shows the power dissipated in each brake resistor with the time scale expanded. Clearly the fault-on brake strategy markedly improves the stability margin of the system.
If we define t, as the critical clearing time \of the system without the brakes, 1 : as the new critical clearidg time of the system under the fault-on brake control, and t b as the elapsed time until the first brake shuts down, we have the following 'rule of thumb': t: M t, + t* ' (6) Several remarks are worth making at this point.
1. A thyristor can only conduct once in a half wave, so the power dissipation in the brake load is not continuous. But
2.
3.
4.
6 the average power dissipated can be considerd as continuous.
The delay angle, a, is the electrical angle at which the device is gated on, after it becomes forward biased. If the fault occurs between two zeros, the brake action will have a delay, which is unavoidable. The maximum delay, however, is only about 11120th of a second.
The maximun power which the brake can dissipate depends on the bus voltage, decreasing as the bus voltage decreases. Fortunately, excitation control systems always try to keep the bus voltages constant. However, for a bolted fault at a generator, the brake at that generator could not be activated, but the brakes in the vicinity of the fault could be used.
If the unbalanced accelerating power is greater than the limit of the brake, 100 percent compensation cannot be achieved. In this case the new critical clearing time will be less than that in equation (6).
Post Fault Power Brake Control
In the previous section we considered a control strategy where the brake was activated briefly during the disturbance, and the control after the disturbance was that typically available at each machine, namely turbinelgovernor and excitation control. In this section, we consider delaying the use of the brake until after the disturbance is cleared. This provides a' very conservative estimate of the case of a fault at a generator site, discussed briefly in the previous section. The result is conservative since we delay the braking action at all generators until the fault is cleared. The proposed generator brake control for the i-th machine is given by where k; > 0 and PB, = S i k ,~, , This generator brake control only acts in the post-transient period and for rotor speeds higher than the steady state value. In the post-fault period, the majority of machines are over-speeded, especially those machines near the fault, and thus this control will be very beneficial.
The gain k; allows us to increase the damping coefficient of the generators significantly.
The exponential term e in the control ensures the brake acts for a short period. Clearly we want to use the braking action as soon as possible after the fault is cleared. Since the brake control only works for a short period, the system generally will not have reached steady state at the point where the brake is turned off. Hence other controls, such as turbine/governor and excitation control are needed to bring the system back to steady state. This is especially true if for some reason a generator slows below the nominal operating frequency where the brake cannot help. In the following simulation, we use generator brake control together with typical excitation and turbine/governor control. We note that the presence of the turbine governor means we have some frequency regulation. In the following simulations, we use the same test case described in section 5.
Increasing damping: A 4.75 cycle fault is applied to bus 26, cleared by dropping the line from bus 26 to bus 25 just before the critical clearing time of five cycles. The simulation. is carried out both with and without brake control. Figure  5 (a) shows the angle trajectories without brake control. Figure  5 (b) shows the angle trajectories of the same case, but with the brake control applied after the fault is cleared. The brake control give5 significantly better transient response. Further investigation is planned using larger systems nearer the limit of stability. Also, we have used a reasonable value for k; the feedback gain. Using larger values of k, would also improve the transient performance. Increasing stability margin: When the brake control is applied to the system after the fault is cleared, the critical clearing time is increased significantly. For this test system, the critical clearing time is increased from 5 cycles (0.083 sec) to 9.5 cycles (0.158 sec). Figure 6 (a) shows the angle trajectories with the brake control applied and a clearing time of seven cycles. The first swing is about the same as that in figure 5. Figure 6 (b) shows the corresponing powers dissipated by the brakes.
The higher the feedback gain the greater the damping, with a consequent increase in the critical clearing time. The larger the feedback gain the quicker the power dissipation by the brake. Intuitively, it would seem that the quicker the brake acts, the greater the chance of stabilizing the system. However, further analysis needs to b e done to verify that this is the optimal strategy.
Regional Fault-on Brake Control
The simulations in previous sections used a brake at every generator. This reflects a basic assumption that the greatest improvement in stability comes from distributing the control to the maximum extent possible. Indeed, our view is that the automatic control should be sited at the generators. This is the traditional approach, and it offers the greatest potential increase in stability.
By way of comparison, we investigate here the use of fewer brakes, namely one in each tightly interconnected region of the power system. We can obtain some indication of this effect by using prior coherency analysis of the 39-bus system [9] 
Summary and Conclusions
In this paper we have introduced a generator brake, based on some recent technological developments in thick film metal oxide resistors. The motivation for using this technology is that the brakes are relatively low in cost and virtually maintenance free, offering the option of distributing a large number of small brakes throughout the system to increase global stability.
The results, while preliminary, raise several interesting issues that we are currently pursuing. First, setting the brake size in megajoules a at %lo% of the megawatt rating of the generator gives good results. However, the optimal size of the brake is a matter of some interest. Second, the results on regional brake control are good enough to warrant considering the installation of a smaller number of larger brakes. Third, the brakes can easily be combined with a straightforward augmentation of the existing conventional generator control. These issues will be addressed in the future.
The benefits of the proposed control are very great. First of all, the control is local and sited at the generators, thereby distributing the control throughout the power system. This results in a control strategy that can respond effectively to a very large class of disturbances. This makes the proposed braking strategy a natural partner for the various FACTS devices and strategies that will be implemented in the future.
